tide synthetase (NRPS) hybrid systems, because they They are produced in very low quantities, and genetic contain amino acids and typical polyketide fragments. manipulation of producing strains has never been acGenetic tools to study most of the myxobacterial gencomplished. We report the development of a marinerera are poorly established or completely unavailable. based transposon mutagenesis system for AngiococNevertheless, the epothilone biosynthetic gene cluster cus disciformis An d48. Extracts from a library of 1200 has been identified from Sorangium cellulosum [21, 22] mutants were analyzed for the presence of tubulysin and used to heterologously produce epothilones in by a microscopic cell nucleus fragmentation bioassay.
fractionated. Each extract was used for another cnf assay, because myxothiazol that is produced in parallel can mask the activity of tubulysin. Each mutant was shown again to be tubulysin negative. In addition, HPLC-MS analysis of the extracts from the 50 ml cultures revealed the presence of tubulysin in the wild-type, whereas all of the mutants were shown to be tubulysin negative (data not shown). These mutants still produce myxothiazol.
In order to identify the transposition site in each mutant, a "transposon recovery" strategy was used. Chromosomal DNA was prepared and digested with restriction enzymes that do not cut within the transposable replication oriR6K) and chromosomal A. disciformis An which contains the Tn5 kanamycin resistance gene and d48 DNA that originally flanks the transposition site, the oriR6K, which are flanked by Himar1 inverted rewhose sequence revealed that genes encoding PKS and peats. In addition, pMycoMar encodes the Himar1 trans-NRPS with high similarities to ones from other secondary posase under the transcriptional control of the T6 prometabolite gene clusters were hit. The insertion position motor. Himar1 transposition is characterized by a TA of the transposons within the biosynthetic gene cluster dinucleotide recognition sequence which enables ranis shown in Figure 3 . Restriction analysis and Southern dom integration into the target DNA. As A. disciformis blot analysis indicated the size of each plasmid recovAn d48 turned out to be kanamycin sensitive and there ered. After generation of a cosmid gene library of A. disis no evidence so far for any plasmid replicating in any ciformis An d48, the biosynthetic gene cluster shown myxobacterium, we directly used pMycoMar for A. disciin Figure 3 was cloned and sequenced from several formis An d48 electroporation, which after optimization overlapping plasmids and cosmids using hybridization of the protocol (data not shown) led to a reasonably and PCR-based strategies. The average GϩC content efficient in vivo transposition protocol.
of the sequenced segment, spanning approximately 83 A mutant library consisting of approximately 1200 mukbp is 68.5%. tants was generated and screened using the highly sensitive cell nucleus fragmentation assay (cnf) described under Experimental Procedures, because the produc- Figure 3 ; also see Figure 3 for the abbreviations used). The acyl carrier protein (ACP) domains and the can be detected (B. Frank, F.S., and R.M., unpublished data). After extraction, four mutants did show a tubupeptidyl carrier protein (PCP) domains of TubB-F contain the Prosite consensus signature of the putative lysin-negative phenotype in the microtiter plate based cnf assay. These mutants were independently grown binding site for the 4Ј-phosphopantetheine (Ppant) cofactor (Prosite signature numbers PS00012, R2082, and in 50 ml cultures, extracted, and the resulting extracts The NRPS gene tubB most likely starts with an ATG and Table 1 . Table 2 . Two deviations to standard NRPS domains [33] have myxobacteria (e.g., the MtaD or MelD proteins [11, 12] ). tubD starts with ATG and a RBS (GGGA) is located 7 bp been found in all tubulysin modules; the core motifs A2 of the A domains and the core regions of the PCP doupstream. tubE encodes another NRPS module (a putative RBS AAGG is located 8 bp upstream of the ATG mains lack one amino acid (see Figure 4) . Upstream of tubB another putative operon, transcripstart codon) and is followed by tubF harboring one PKS module with a complete set of reductive loop domains tionally directed in the opposite direction can be found. Whereas ORF1 encodes a putative ATP-dependent in addition to the methyltransferase domain and the thioesterase domain. To our knowledge, with a MW of anion transporter and ORF2 encodes a conserved hypothetical protein (Table 1) , tubZ encodes a protein with 309 kDa, TubF represents the largest bacterial type I PKS module known. tubF starts with an ATG which is similarity to lysine cyclodeaminases (see Table 1 ). Fur- 
The numbering of the amino acids corresponds to the GrsA gramicidin synthetase. The GrsA phenylalanine substrate pocket has been crystallized [43] , which led to the establishment of the nonribosomal code [35, 36] .
tubF, 13 kbp of DNA were sequenced and analyzed. gene cluster. Based on the in silico analysis of the genes involved, a hypothetical biosynthetic route to tubulysin Within this region, genes encoding hypothetical ORFs were detected. In addition, a protein with similarity to could be established as described below. acyltransferases was found ( Figure 3 and Table 1 ). . Further, we propose that TubC extends the methylated pipecolic acid bound to the TubB-PCP with isoleucine and valine (which corresponds well with the nonribosomal code of the A-domains involved; see Table 2 ), the latter of which will be N-methylated by the TubC MT domain that is similar to the one in TubB. At this point, the biosynthetic intermediate switches nate moiety, which perfectly matches the final natural product. Surprisingly, the order of the domains within the acylation reactions. The latter could be catalyzed by the N-terminal C domain of TubB in analogy to lipothe reductive loop is different from that of other known PKS systems. The KR domain is found C-terminal from peptide biosynthesis, where N-terminal C domains are believed to couple an CoA-activated lipid to the peptide the AT domain and followed by DH and ER domains, the latter of which is attached to the ACP domain. In core [41] . Nevertheless, the C domain of TubB does not cluster with such C domains in phylogenetic tree contrast, typical reductive loops follow the order KS-AT-DH-ER-KR-ACP. The same atypical organization is analysis (data not shown). Alternatively, TubA could be involved in the acylations, because it shows similarity also found in TubF (with the exception that a MT domain is inserted between the KR and DH domains). Such to fragments of NRPS C-domains (only core motifs C1 and C2 can be identified). On the other hand, it has an unusual domain organization should influence the corresponding three-dimensional structure of PKS and been shown that core motif C3 is necessary for acyl transferase activity [42] . Thus, tubG located 7 kb downespecially PKS/NRPS hybrid systems and thus shows the high degree of structural flexibility of these megasynstream of tubF, seemed to be the most likely candidate gene for the acylation reaction(s). After establishing a thetases, which could possibly suggest new experimental approaches to generate engineered enzymes and to preliminary and so far inefficient system for gene inactivation by homologous recombination in A. disciformis better understand the currently obscure topology of the multidomain proteins during multistep catalysis.
Proposed Biosynthetic Pathway to Tubulysin
An d48, the gene was inactivated with no effect on tubulysin biosynthesis (A.S. and R.M., unpublished data). The NRPS module of TubD contains a heterocyclization domain, a cysteine-specific A-domain (see Table  Therefore formis An d48 and identifiy the core biosynthetic gene iments to be derived from 13 C-labeled methionine [20] .
cluster for tubulysin. Extracts from 1200 mutants were Action of the KR, DH, and ER domains results in the analyzed for their ability to produce the compound saturated and ACP-bound intermediate that is finally by a microscopic cell nucleus fragmentation bioassay released by the action of TubF TE-domain as free acid.
based on sensitive mouse cells. No tubulysin activity The assumed product released from the PKS/NRPS was detected in extracts of four mutants. Each correassembly line would now have to be oxidized in posisponding transposition site was identified by vector tions 39 and 11, followed by acylations of the resulting recovery, revealing that all of the mutants group to the OH groups (see Figure 3) . However, no candidate gene(s) same gene locus. The identified core tubulysin biosynfor these two oxidation processes could be found within thetic gene cluster is approximately 40,000 bp in size the sequenced region, indicating that both reactions and represents a multimodular hybrid polyketide synmight be performed by enzymes encoded outside of the thase/peptide synthetase assembly line with a variety identified biosynthetic region. Alternatively, oxidases of unprecedented features. The biosynthesis of the encoded in the sequenced region which cannot be idenunusual N-methyl pipecolic acid starter moiety can be tified as such by computer-based analysis might be involved in the biosynthesis. The same holds true for explained, and a novel arrangement of reductive loops
